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Abstract. For a quantitative assessment of debris ﬂow risk,
it is essential to consider not only the hazardous process
itself but also to perform an analysis of its consequences.
This should include the estimation of the expected monetary
losses as the product of the hazard with a given magnitude
and the vulnerability of the elements exposed. A quantiﬁ-
able integrated approach of both hazard and vulnerability is
becoming a required practice in risk reduction management.
This study aims at developing physical vulnerability curves
for debris ﬂows through the use of a dynamic run-out model.
Dynamic run-out models for debris ﬂows are able to calcu-
late physical outputs (extension, depths, velocities, impact
pressures) and to determine the zones where the elements
at risk could suffer an impact. These results can then be
applied to consequence analyses and risk calculations. On
13 July 2008, after more than two days of intense rainfall,
several debris and mud ﬂows were released in the central part
of the Valtellina Valley (Lombardy Region, Northern Italy).
One of the largest debris ﬂows events occurred in a village
called Selvetta. The debris ﬂow event was reconstructed af-
ter extensive ﬁeld work and interviews with local inhabitants
and civil protection teams. The Selvetta event was modelled
with the FLO-2D program, an Eulerian formulation with a
ﬁnite differences numerical scheme that requires the spec-
iﬁcation of an input hydrograph. The internal stresses are
isotropic and the basal shear stresses are calculated using a
quadratic model. The behaviour and run-out of the ﬂow was
reconstructed. The signiﬁcance of calculated values of the
ﬂow depth, velocity, and pressure were investigated in terms
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of the resulting damage to the affected buildings. The physi-
cal damage was quantiﬁed for each affected structure within
the context of physical vulnerability, which was calculated
as the ratio between the monetary loss and the reconstruction
value. Three different empirical vulnerability curves were
obtained, which are functions of debris ﬂow depth, impact
pressure, and kinematic viscosity, respectively. A quantita-
tive approach to estimate the vulnerability of an exposed el-
ement to a debris ﬂow which can be independent of the tem-
poral occurrence of the hazard event is presented.
1 Introduction
The increase in population and resulting demand for re-
sources has given rise to a continuous pressure to settle in
places were the interaction between humans and continuous
land processes becomes a potential risk (Nadim and Kjek-
stad, 2009). For this reason, it is essential to analyze the
possible damage that the hazard process can yield in the af-
fected sectors. A quantiﬁable integrated approach of both
hazard and risk is becoming a required practice in risk re-
duction management (Fell and Hartford, 1997; Duzgun and
Lacasse, 2005). This quantitative assessment should include
the expected losses as the product of the hazard with a given
magnitude, the costs of the elements at risk, and their vulner-
ability (Uzielli et al., 2008). In the past, several authors have
proposed different methods to quantify the risk by estimat-
ing the hazard in a heuristic-empirical or statistical manner;
while assessing the vulnerability of the affected elements in a
qualitative method (Liu and Lei, 2003; Remondo et al., 2008;
Zˆ ezere et al., 2008).
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In order to improve the results of a debris ﬂow risk as-
sessment, it is necessary to analyze the hazard event using
quantitative information in every step of the process (van
Asch et al., 2007) and the vulnerability of the elements ex-
posed. The contribution of the dynamic run-out models in-
side a quantitative assessment is to reproduce the distribution
of the material along the course, its intensity, and the zone
where the elements will experience an impact. For this rea-
son, dynamic run-out models have been used in recent years
as a tool that links the outputs of a debris ﬂow hazard initia-
tion/susceptibility modelling (released volumes) with physi-
cal vulnerability curves.
1.1 Numerical modelling for hazard analysis in a
Quantitative Risk Assessment (QRA)
Different approaches and methods have been developed in
the past for a quantitative risk analysis using dynamic run-
out models and where the vulnerability of the elements at
risk is described in a quantitative or qualitative manner. In
this direction, Bell and Glade (2004) performed a quanti-
tative risk analysis (focusing on the risks to life) in NW-
Iceland for debris ﬂows and rock falls. Their approach to
the hazards is based on empirical and process modelling that
resulted in speciﬁc run-out maps. The hazard zones were de-
termined based on the recurrence interval of the respective
processes. For the determination of the respective levels of
vulnerability, a semi-quantitative approach deﬁned by matri-
ces was used based on available literature and the authors’
past ﬁndings (Glade, 2004). Their calculated vulnerability
levels were incorporated into a consequence analysis that in-
cluded the deﬁnition of elements at risk, the determination of
spatial and temporal probabilities of impact, and the seasonal
occurrence of the event. Calvo and Savi (2008) proposed a
method for a risk analysis in a debris ﬂow-prone area in Ar-
denno (Italian Alps), utilizing a Monte Carlo procedure to
obtain synthetic samples of debris ﬂows. To simulate the
propagation of the debris ﬂow on the alluvial fan, the FLO-
2D model (O’Brien et al., 1993) was applied and probability
density functions of the outputs of a model (forces) were ob-
tained. Three different vulnerability functions were adopted
to examine their effect on risk maps. Muir et al. (2008) pre-
sented a case study of quantitative risk assessment to a site-
speciﬁc natural terrain in Hong Kong, where various scenar-
ios were generated with different source volumes and sets
of rheological parameters derived from the back analyses of
natural terrain landslides in Hong Kong. Debris mobility
modelling was performed using the Debris Mobility Model
(DMM) software developed by the Geotechnical Engineer-
ing Ofﬁce (Kwan and Sun, 2006), which is an extension of
Hungr’s (1995) DAN model. They derived probability dis-
tributions from past events run-outs and calculated the prob-
ability distribution of debris mobility for each volume class.
Regarding the vulnerability, they used an “Overall Vulnera-
bility Factor” (OVF) and the average number of vulnerable
population in a given facility directly hit by a landslide. The
OVF was derived from the landslide volume, location of the
elements at risk, and the protection a facility can offer. In-
dividual risk was calculated as the summation of the prod-
uct of the frequency of a ﬂow affecting the facility and the
vulnerability of the most vulnerable individual for each of
the scenarios. They also calculated the societal risk. Castel-
lanos (2008) performed a local risk assessment based on the
back-analysis of one historical landslide in Cuba. Based on
the parameters obtained from the modelling of past events,
run-out simulations were carried out with a beta version of
the MassMov2D software (Beguer´ ıa et al., 2009) for twelve
potential zones. Vulnerability curves based on the depth of
the ﬂow and the conditions of the buildings were generated
using detailed building typology characteristics and run-out
results, and economic risk values were computed for three
scenarios. Zimmerman (2005) described Switzerland’s new
approach of natural hazards and risk management using the
S¨ orenberg debris ﬂow as an example. For the S¨ orenberg
event, hazard maps were prepared according to three prob-
ability classes scenarios. The scenarios were based on past
events and ﬁeld veriﬁcation. Debris-ﬂow run-out was simu-
lated using a random walk approach (Gamma, 2000) by ap-
plying a simple model that assumes that the motion is mainly
governed by two frictional components: a sliding friction co-
efﬁcient and a turbulent friction coefﬁcient that is determined
by a Chezy-type relation (Rickenmann, 1990). Results of the
modelling were displayed as intensity maps. Federal recom-
mendations provide deﬁnite criteria for the intensity classes
based on the height and the velocity of the ﬂow. Adjustment
of the land-use plans and building codes were established re-
garding the intensity classes. Jakob and Weatherly (2005)
quantiﬁed debris ﬂow hazard and risk on the Jonas Creek fan
inWashington, USA.Theyconstructedfrequency-magnitude
graphs to build different return period scenarios as an input
to a debris ﬂow run-out model. The FLO-2D model was used
to calculate maximum ﬂow depths and velocities in order
to assess the hazard. Intensity maps were developed based
on the modeled outputs of each modeled scenario. Potential
deaths were calculated assuming that in the high intensity ar-
eas the vulnerability is equal to 1, while the vulnerability is
equal to 0 in the medium and low intensity zones. In terms
of risk management, Crosta et al. (2005) carried out a cost-
beneﬁt analysis for the village of Bindo in the Valsassina val-
ley (Central Pre-alps, Italy) where a part of an active slope is
still a threat. They identiﬁed different mitigation plans such
as a defensive structure, monitoring, and a combination of
both. They built hazard scenarios with a method that coupled
astabilityanalysiswitharun-outassessmentfordifferentpo-
tential landslides. The stability analysis was modeled using
a 2-D numerical code and the run-out was simulated with
the quasi-three-dimensional ﬁnite element method of Chen
and Lee (2000) in the Lagrangian frame of reference. The
different scenarios were compared with a scenario where no
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mitigation action was introduced. A cost-beneﬁt analysis of
each scenario was performed considering the direct effect on
human life, houses, and lifelines.
The recent work done by means of numerical physical
modelling within a risk analysis suggests that dynamic run-
out models (correctly used) can be of practical assistance
when attempting to quantify the assessment. Together with
a good understanding of the slope processes and their rela-
tionship with other conditional factors, run-out models re-
sults can be used in a hazard analysis to: estimate the spa-
tial probability of the ﬂow affecting a certain place with de-
tailed outputs as deposition patterns, travelled distance and
path, and velocities and impact pressures. Results obtained
from the run-out modelling are directly involved as factors
that inﬂuence and affect the vulnerability of an exposed el-
ement. However, quantitative vulnerability information for
landslides is difﬁcult to obtain due to the large variability
in landslides types, the difﬁculty in quantifying landslides
magnitude, and the lack of substantial historical damage
databases (van Westen et al., 2006; Douglas, 2007).
1.2 Physical vulnerability assessment
Several efforts have been made in the past to deﬁne and as-
sess the vulnerability of an element or group of elements ex-
posed to a landslide hazard. The vulnerability can be classi-
ﬁed as: physical, functional, and systemic vulnerability. The
physical vulnerability relates to the consequences or the re-
sults of an impact of a landslide on an element (Glade, 2003).
Functional vulnerability depends on the damage level of the
element at risk and its ability to keep functioning after an
event (Leone et al., 1996). Systemic vulnerability deﬁnes the
levelofdamagebetweentheinterconnectionsandfunctional-
ity of the elements exposed to a hazard (Pascale et al., 2010).
In this paper, a focus on the physical vulnerability will be
highlighted with regard to a method which is commonly used
in a quantitative risk assessment.
In a quantitative risk assessment, physical vulnerability is
commonly expressed as the degree of loss or damage to a
given element within the area affected by the hazard. It is
a conditional probability, given that a landslide with a cer-
tain magnitude occurs and the element at risk is on or in the
path of the landslide. Physical vulnerability is a represen-
tation of the expected level of damage and is quantiﬁed on
a scale of 0 (no loss or damage) to 1 (total loss or damage)
(Fell et al., 2005). Thus, vulnerability assessment requires
an understanding of the interaction between the hazard event
and the exposed element. This interaction can be expressed
by damage or vulnerability curves.
Some progress has been made in developing vulnerabil-
ity curves, matrices, and functions for several types of haz-
ards and mass movements. Extensive work has been carried
out by FEMA (Federal Emergency Management Agency)
on vulnerability functions for earthquakes, ﬂoods, and hur-
ricanes. These functions are used in the HAZUS (Hazard
US) software application to quantitatively estimate the losses
in terms of direct costs (e.g. repair, loss of functionality),
as well as regional economic impact and casualties (Hazus,
2006). In the case of snow avalanches, Wilhelm (1998) ob-
tained a function by analysing the damages caused in terms
of impact pressure by dense snow avalanches on concrete
buildings with reinforcement. The building vulnerability was
deﬁned as the ratio of the cost of repairing the damages and
the value of the building. Based on the function proposed by
Wilhelm (1998), Cappiabanca et al. (2006) developed a func-
tion for people inside the buildings. Using the same approach
of relating the expected losses of a structure with the impact
pressures of the avalanche, Barbolini et al. (2004) proposed
vulnerability functions for buildings and persons for powder
snow events. To overcome the scarcity of well documented
events and their consequences, Bertrand et al. (2010) used
numerical models to simulate the structure behaviour under
snow avalanche loading. The structures were modelled in
three dimensions with a ﬁnite element method (FEM), and
a damage index was deﬁned on global and local parameters
of the buildings (e.g. geometry of the structure, compressive
strength of the concrete). The vulnerability was established
as a function of the impact pressure and the structure fea-
tures. For rock falls, Heinimann (1999) estimated vulnera-
bility curves as damage functions of six different categories
(type) of buildings related to the intensity of the rock fall.
The response of reinforced concrete buildings to rock fall
impact was investigated by Mavrouli and Corominas (2010),
considering a single hit on the basement columns. They cal-
culatedforarangeofrockfallpathsandintensities, adamage
index (DI) deﬁned as the ratio of structural elements that fail
to the total number of structural elements.
Regarding vulnerability functions for landslide and debris
ﬂow hazards, Kaynia et al. (2008) applied to a real event the
proposedprobabilisticmethodologyofUziellietal.(2008)to
estimate the physical vulnerability of building structures and
the population to landslides. Vulnerability is deﬁned quanti-
tatively as the product of landslide intensity and the suscepti-
bility of elements at risk. The uncertainties are considered
by a First-Order Second Moment approach (FOSM). This
work was complemented by Li et al. (2010) by proposing
new functions for the vulnerability of structures and persons
based on the landslide intensity and the resistance of the ex-
posed elements. Using another type of procedure to assess
the vulnerability, Galli and Guzzetti (2007) gathered infor-
mation of past events in Umbria (Italy) that have damaged
buildings and roads. They established functions between
the area of the landslide and the vulnerability of buildings,
major roads, and minor roads. To assess the vulnerability
to a debris ﬂow, Haugen and Kaynia (2008) proposed that
the impact of a ﬂow sets a structure in a vibratory motion.
Structural vulnerability is deﬁned by a damage state proba-
bility. This was approached using the principles of dynamic
response of simple structures to earthquake excitation and
fragilitycurvesproposedinHAZUS.Fuchsetal.(2007)used
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a well-documented debris ﬂow event in the Austrian Alps to
derive a vulnerability function for brick masonry and con-
crete buildings. They deﬁned a damage ratio that describes
the amount of damage related to the overall damage poten-
tial of the structure. A vulnerability function was created
from the calculated damage ratio and the debris ﬂow inten-
sity (ﬂow height). A comprehensive review of several qual-
itative vulnerability methods used in landslide risk analysis
was made by Glade (2003).
Whereas the above mentioned examples analyze the haz-
ard separately from the vulnerability of the elements at risk,
our aim is to use the strength of the debris ﬂow run-out mod-
els to quantify physical vulnerability by means of the impact
pressure outputs. We present an integrated approach of de-
tailed rainfall data and dynamic modelling to calculate the in-
tensity and run-out zone of the 2008 Selvetta debris ﬂow that
caused damage to thirteen buildings. The debris ﬂow event
was reconstructed and back-analyzed. Geomorphologic in-
vestigations were carried out to study the behaviour of the
ﬂow and intensity aspects such as run-out distances, veloci-
ties, anddepths. Syntheticphysicalvulnerabilitycurveswere
preparedbasedontheﬂowdepth, impactpressures, andkine-
matic viscosity. These curves relate the physical outputs of
the modelling and the economic values of the elements at
risk.
2 Selvetta study site and past events in the region
The Selvetta study site is situated inside the Valtellina Valley
in the Italian Central Alps (Fig. 1) and administratively is a
part of the Colorina municipality. Geomorphologically, it be-
longs to the Orobic Alps which are forming the north-facing
slopes of the Valtellina Valley (a U-shaped valley proﬁle de-
rived from Quaternary glacial activity). Selvetta is located
in a north-facing slope of the valley. The slopes are mainly
composed of metamorphic rocks (gneiss, mica schist, phyl-
lite, and quartzite) and intrusive rock units, with subordinate
sedimentary rocks (Crosta et al., 2003). On less steep parts,
two Pleistocene glacial terraces could be distinguished at the
height of about 560–760ma.s.l. and 1120–1240ma.s.l. The
lower sections are covered with glacial, ﬂuvio-glacial, and
colluvial deposits of variable thickness.
Valtellina Valley is an active region with respect to ge-
omorphologic processes and mass movements. In the re-
cent past, the valley has suffered from major catastrophic
events in terms of ﬂooding and landslides. In May 1983,
heavy precipitations triggered more than 200 shallow land-
slides and debris ﬂows in Valtellina. A cumulated precipita-
tion of 453mm was measured during the month, which cor-
responds to 34% of the total annual precipitation. Landslides
happened mainly on vine-terraced slopes and most of the
landslides started on slopes between 30◦ and 40◦. Three soil-
slips evolved into larger debris ﬂows with lengths from 300
to 460m and areas reaching 60000m2, causing 14 casualties
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Fig. 1. Location of the Selvetta case study area.
(CancelliandNova, 1985). InJuly1987, morethan500mass
movements were triggered by a severe rain storm (Crosta et
al., 1990). Five villages and the transportation infrastruc-
ture were critically damaged. A total of 25000 evacuated
persons, 53 casualties and 2000million euros (C) of dam-
ages were recorded (Luino, 2005). From 14 to 17 Novem-
ber 2000, prolonged and intense rainfalls triggered about 260
shallow landslides in Valtellina (Crosta et al., 2003). About
200 soil slips and slumps took place in the terraced slopes,
and one third of them evolved into debris ﬂows (Chen et al.,
2006). InNovember2002, theValtellinaareawasaffectedby
an extreme rainfall (more than 700mm) that triggered more
than 70 soil slips and debris ﬂows. The event caused 2 ca-
sualties and extensive damages to structures and economic
activities, evaluated in 500millions of euros (Aleotti et al.,
2004).
3 The Selvetta 2008 debris ﬂow
The Selvetta debris ﬂow event took place on Sunday,
13 July 2008. During this day, the majority of the Valtel-
lina Valley was isolated from the rest of Lombardy Region
because of intense precipitations that caused blockage of the
state road S.S.38 connecting the capital of the province Son-
drio with the lower part of the valley. Torrents caused tem-
poral inundation of the main valley ﬂoor with about 0.5m
of water on the main road and railway line. The only ac-
cesses to the upper part of the valley were via Aprica Pass
andfromSwitzerland. TheresponseteamoftheCivilProtec-
tion and another fast response teams were evacuating people
from the affected area. Total number of evacuees in the Val-
tellina valley was around 220 people and reached around 300
in Lombardy Region. The most severely affected municipal-
ities were Valmasino, Forcola, and Colorina where several
debris ﬂows and mud ﬂows occurred.
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The largest muddy-debris ﬂow occurred in the village of
Selvetta. According to the morphological classiﬁcation of
debris ﬂows for the South-Central Alps proposed by Crosta
et al. (1990), this debris ﬂow can be classiﬁed as a debris
avalanche evolving into channelled debris ﬂow. The debris
ﬂow event was reconstructed after extensive ﬁeld work and
interviews with local inhabitants and civil protection teams.
At ﬁrst, several rock blocks of a size up to 2m3 fell down
from the direction of a small torrent above the village. The
blocks were followed by a ﬁrst surge of debris and mud
that damaged the houses. This surge caused the most dam-
age in the deposition area. This was followed by a second
hyperconcentrated ﬂow with ﬁne mud content that partially
washed away the accumulation from the ﬁrst wave.
The main objective of the ﬁeldwork was to collect in-
formation to describe the behaviour of the ﬂow during its
course. Measurements of the ﬂow depths along the path
and sedimentation features that hinted the evolution of the
ﬂow were carried out. Entrainment and deposition features
were mapped. The deposits inside and outside of the channel
were considered and channel proﬁles were made in locations
where the velocities and discharge of the ﬂow could be de-
duced.
The evolution of the ﬂow in terms of velocity was recon-
structed by the use of empirical formulas. The estimation of
the velocity is important to evaluate the ﬂow behaviour and
assess its rheology. To derive the mean ﬂow velocity in each
channel cross-section, the superelevation formula (Eq. 1)
proposed by McClung (2001) and Prochaska et al. (2008)
was applied:
v =
r
Rcg
k
1h
b
(1)
where, v is the mean velocity of the ﬂow (ms−1), Rc is the
channel’s radius curvature (m), g is the gravity acceleration
(ms−2), 1h is the superelevation height (m), k is a correc-
tion factor for the viscosity, and b is the ﬂow width (m).
Hungr (2007) in Prochaska et al. (2008) indicated that the
value of the correction factor can be usually “1”, with the ex-
ception of cases with sharp bends where some shock waves
develop.
Geomorphologic investigations allowed distinguishing the
following ﬁve main sections of the ﬂow: (1) the proper
scarp, (2) path in forested area, (3) path on alpine mead-
ows, (4) accelerating section, and (5) accumulation area
(Fig. 2).
The initiation area of the ﬂow was situated approximately
at 1760ma.s.l. in a coniferous forest. The proper scarp was
very small, with an area of about 20m2 and a height about
0.5m. The debris ﬂow originated as a soil-slip in thin collu-
vial cover on a very steep (>45◦) forested slope. This sug-
gests that the ﬂow started as a small failure and gained mo-
mentum with additional entrained material from the channel
bed and walls. Another important source for the increase
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Fig. 2. Google image and proﬁle of the Selvetta debris ﬂow path
with the ﬁve main morphological sections determined on the ﬁeld.
of volume and the mobility of the ﬂow was the inclusion to
the ﬂow of the rainfall run-off and the reactivation of water
springs formed by the increase of the ground water table. Af-
ter some tens of meters the ﬂow became larger and started to
erode the channel to the bedrock. The channel erosion was
associated with the acceleration of the ﬂow on steeper parts
of the slope and on rock steps. The average inclination of
the path in the forested area is 35◦ but there are several steps
steeper than 60◦. At 760ma.s.l. the ﬂow decreased its ve-
locity when it reached another less steep part of alpine mead-
ows on morainic sediments near Rodolo village (Fig. 2). The
ﬂow channel in this section of the ﬂow was not eroded to the
bedrockandtheﬂowitselfaccumulatedalotofmaterialfrom
the upper section. On a ﬂat glacial terrace, at the height of
640ma.s.l., the ﬂow diverged to the right side where it joined
a small ravine and entered an acceleration zone area. In this
section, the ﬂow reached the highest velocity and heights.
The apex of the accumulation zone starts at 310ma.s.l. The
accumulation zone has an area of about 9500m2 and the vol-
ume of the deposited debris was estimated by ﬁeld mapping
to be around 15000m3 (Fig. 3). The behaviour of the de-
bris ﬂow in the deposition area was reconstructed based on
the recognition of characteristic patterns such as sediment
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Fig. 3. Selvetta debris ﬂow path including the calculated mean ve-
locity, maximum ﬂow height, and mean ﬂow height for each mor-
phologic section.
sorting and the angle of rest in the borders of the ﬁnal de-
posit. Deposits consisted of a ﬁne-grained ﬂuid mixture with
suspended coarse debris on the top and ﬁne material on the
bottom.
Precipitation records showed that the ﬂow did not occur
immediately after the peak precipitation which was recorded
at 7 a.m., but with more than three hour delay. Unfortunately,
there is no rain gauge in the proximity of the initiation zone.
The closest one is in Morbegno (about 8km from the scarp)
and shows hourly peak rainfall of 22mmh−1 between 6 and
7a.m. (Fig. 4). The cumulated rainfall during 48h before the
event reached 92mm. Although this record did not precisely
describe the situation in the initiation area, it could be used
for a rough estimation of precipitation and for measuring the
delay of initiation after peak precipitation, because records
from other gauges in the vicinity also show the rainfall peak
between 6 and 7a.m.
One of the main characteristics of the event is the inﬂuence
of the entrainment process on the ﬂow. The channel experi-
enced considerable deepening and bank erosion. In several
parts of the channel, it was found that obstruction by large
boulders and trees may have temporarily inﬂuenced the ﬂow
behaviour by causing a dam-break effect that resulted in the
two different surges in the deposition area.
Thereare95buildingssituatedinSelvetta. Thedebrisﬂow
event destroyed two of them and caused damage of varying
levelsofseveritytoanotherelevenbuildings. Structuraldam-
age was reported to the facilities located on the alluvial fan
(roads). Also, a lot of damage was reported for cars and agri-
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Fig. 4. Derived hydrograph of the debris ﬂow, including the re-
leased volume and peak discharge (above) obtained from the hourly
precipitation records from the Morbegno rain gauge (bottom).
cultural machinery. Fortunately, no victims or injuries were
reported, mainly because of the awareness of the civil de-
fence organization who evacuated the local inhabitants from
their houses.
4 Modelling of the event for determining vulnerability
curves
The ﬁeld observations of the debris-ﬂow event in Selvetta
were taken into account and used for a back analysis us-
ing a modelling approach. They were the basis to calibrate
the models and simulate the debris ﬂow process during its
course. The modelling of the Selvetta debris ﬂow was di-
vided into two parts. The ﬁrst part was a simulation of the
rainfall in the area to calculate a discharge hydrograph and
the effect of the rainfall intensity in the ﬂow. The second
part was a simulation of the debris ﬂow that included the
results of modelling of the rainfall and the entrained mate-
rial. The DEM available and used for the Selvetta area was
a 2m grid model obtained from a LIDAR survey. The FLO-
2D software was used to simulate the rainfall and the debris
ﬂow event (FLO-2D, 2009). A damage analysis of the ele-
ments at risk in the Selvetta event led to a vulnerability as-
sessment which was then later combined with the modelling
outputs. This resulted in three proposed vulnerability func-
tions: ﬂow height, impact pressure, and kinematic viscosity
curves (Fig. 5).
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Fig. 5. Flowchart of the methodology applied in the Selvetta case
study area.
The mathematical model used to model the Selvetta de-
bris ﬂow event was FLO-2D, which is an Eulerian two-
dimensional ﬁnite difference model that is able to route
non-Newtonian ﬂows in a complex topography based on a
volume-conservation model. The model input is in the form
of a ﬂow hydrograph at the head of a depositional debris fan,
distributing the debris over the fan surface, allowing for ob-
structions and pathways such as infrastructures (buildings,
roads, channels, and bridges). These make the model rele-
vant for the determination of ﬂow patterns on the surface of
a fan. The ﬂow volume is routed through a series of tiles that
simulates overland ﬂow (2-D ﬂow), or through line segments
for channel routing (1-D ﬂow). Flow in two dimensions is
accomplished through a numerical integration of the equa-
tions of motion and the conservation of ﬂuid volume. The
governing equations are originally presented by O’Brien et
al. (1993).
The FLO-2D software models the shear stress as a sum-
mation of ﬁve shear stress components: the cohesive yield
stress, the Mohr-Coulomb shear, the viscous shear stress, the
turbulent shear stress, and the dispersive shear stress. All
these components can be written in terms of shear rates giv-
ing a quadratic rheological model function of sediment con-
centration. The depth-integrated rheology is expressed (after
dividing the shear stresses by the hydrostatic pressure at the
bottom of the ﬂow γ mh) as Eq. (2):
Sf =
τy
γmh
+
KηV
8γ mh2 +
n2
tdV 2
h4/3 (2)
where, Sf is the friction slope (equal to the shear stress di-
vided by γmh); V is the depth-averaged velocity; τy and η
are the yield stress and viscosity of the ﬂuid, respectively,
which are both a function of the sediment concentration by
volume; γm is the speciﬁc weight of the ﬂuid matrix; K is a
dimensionless resistance parameter that equals 24 for lami-
nar ﬂow in smooth, wide, rectangular channels, but increases
with roughness and irregular cross section geometry; and ntd
is an empirically modiﬁed Manning n value that takes into
account the turbulent and dispersive (inertial grain shear)
components of ﬂow resistance. The parameters τy and η are
deﬁned as exponential functions of sediment concentration
which may vary over time. The yield stress (Eq. 3) and the
viscosity (Eq. 4) are calculated as follows:
τy =α1eβ1Cv (3)
η=α2eβ2Cv (4)
where, α1, β1, α2,and β2 are regression constants obtained
from the correlation of results of laboratory experiments, Cv
is the ﬁne sediment concentration (silt- and clay-size parti-
cles) by volume (FLO-2D, 2009)
The boundary conditions are speciﬁed as follows: the in-
ﬂow condition is deﬁned in one or more upstream grid ele-
ments with a hydrograph (water discharge vs. time) and val-
ues of Cv for each point in the hydrograph. The outﬂow con-
dition is speciﬁed in one or more downstream grid elements.
The model requires the speciﬁcation of the terrain surface as
a uniformly spaced grid. Within the terrain surface grid, a
computational grid, i.e. a domain for the calculations, must
be speciﬁed. The Manning n value should be assigned to
each grid element to account for the hydraulic roughness of
the terrain surface. The values can be spatially variable to
account for differences in surface coverage (FLO-2D, 2009).
4.1 Rainfall modelling
The hourly measured rainfall data during the period of the
11 to 13 July 2008 was modelled as accumulated rainfall
distributed all over the area domain in a real time (hourly
time steps). Outﬂow sections were selected where the run-off
rain of the modelled area domain is discharged. The outﬂow
sections are artiﬁcial sections whose purpose is to discharge
ﬂow off the area domain system. For the Selvetta event, two
zones were selected as outﬂow sections: (1) the scarp, where
the release area is located and the slope failure occurred;
and (2) the debris ﬂow path channel, where the amount of
rain can be an inﬂuencing factor in the mobility and the sed-
iment concentration of the ﬂow. Due to the Eulerian nature
of the FLO-2D software and ﬁnite differences scheme, the
parameter that mainly controls the numerical performance
is the grid spacing. In the simulations using FLO-2D, the
grid spacing was taken as 2m, which corresponds to the grid
size in the digital elevation model. The result of the rainfall-
runoff modelling is a water discharge hydrograph that is later
added to the release volume of the failed mass in order to ob-
tain a time stage debris ﬂow release hydrograph (Fig. 5).
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4.2 Debris ﬂow modelling
The estimation of the peak discharge inside the discharge hy-
drographisofvitalimportanceasitdeterminesthemaximum
velocity and ﬂow depth, momentum, impact forces, ability to
overrun channel walls, as well as the run-out distance (Rick-
enmann, 1999; Whipple, 1992; Chen et al., 2007). For the
estimation of the ﬁnal debris ﬂow hydrograph, the volumes
of the entrained material estimated from measurements dur-
ing the ﬁeld work were introduced as an additional and vari-
able sediment concentration into the hydrographs used in the
FLO-2D model with the empirical formula use proposed by
Mizuyama et al. (1992), who proposed a relation between the
magnitude of the debris ﬂow (volume in m3) and the peak
discharge for muddy-debris ﬂow (Eq. 5):
Qp =0.0188M0.790 (5)
where, Qp is the peak discharge (in m3 s−1) and M is the
debris ﬂow volume magnitude (in m3). A time-stage of sed-
iment concentration was produced based on the shape of the
hydrograph (Fig. 5). This was done to agree with observa-
tions that the peaks in debris ﬂow hydrographs correspond
to high sediment concentrations, while the ﬁnal part of the
hydrograph have a more diluted composition. The procedure
also reproduced the distribution of sediment concentration
inﬂuenced by a dilution in the falling tail of the hydrograph.
The maximum and minimum concentrations were 0.55 and
0.25, respectively.
Parameterization of the FLO-2D model was done by cali-
bration, since no independent estimates of the model friction
parameters were available. The calibration of the model was
based on a trial-and-error selection of rheological models
and parameters, and the adjustment of the input parameters
which deﬁne the ﬂow resistance. Parameters were adjusted
until good agreement between the simulated and observed
characteristics were accomplished with the following crite-
ria: (i) velocity and height of the debris ﬂow along the chan-
nel, (ii) ﬁnal run-out, and (iii) accumulation pattern in the de-
position area. The parameters that reasonably ﬁlled the cali-
bration criteria and had the best results were τy =950Pa and
η=1500Pa. These rheological parameters were calculated
according to the sediment concentration of the ﬂow (taken
into account inside the debris ﬂow hydrograph) and the con-
stant values of α =0.0345 for τy and 0.00283 for η; and
ß=20.1 for τy and 23.0 for η were selected from O’Brien
andJulien(1988). The chosen Manningn-valuesthatcharac-
terize the roughness of the terrain were = 0.04 sm−1/3 where
the ﬂow was channelled, and 0.15sm−1/3 in the deposition
zone. The Manning n-values and the constant value along the
channel of K =24 were selected as suggested in the FLO-2D
manual.
Figure 6 shows the maximum run-out and deposition mod-
elled by FLO-2D and the ﬁeld-measured extent of the event
which underlines the good agreement of the simulation with
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Fig. 6. Modelling results of the Selvetta debris ﬂow (left). Com-
parison of the real and modelled debris ﬂow run-out extent: The
maximum heights of the accumulation and maximum impact pres-
sures modelled by the FLO-2D model are shown (right).
what actually happened. The modelled heights of accumula-
tion show good agreement with the real situation measured
in the ﬁeld. The highest accumulations are reached upslope
from the destroyed and heavily damaged buildings, decreas-
ing to the edges of the deposition area. It should be noted
that in some cases the ﬂow did not reach some of the lightly
damaged structures. This is caused by the fact that FLO-2D
does not model the destruction of the building and thus it
remains as an obstacle causing the “shadow” effect. Appar-
ent increase of heights of accumulation in the distal parts of
the ﬂow is most probably caused by imprecision in the used
DEM. Highest values of impact pressure are reached imme-
diately near the start of the apex. Afterwards, the pressures
continuously decrease. This is caused by the progressive de-
crease of accumulation heights and velocities on the alluvial
fan.
5 Generation of vulnerability curves
The Selvetta debris ﬂow event represents an important case
study due to the fact that both hazard information and dam-
age information is available for a further analysis. The dif-
ferent range of damage to the buildings makes it possible to
assess the vulnerability using a vulnerability function that re-
lates the hazard intensity with the degree of damage.
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5.1 Methodology
In our approach, the vulnerability functions were calculated
using damage data obtained from the ofﬁcial documents of
damage assessment coupled with the information from the
modelling outputs. This approach allows calculation of vul-
nerability functions using the height of debris accumulation
and also the impact pressure. The impact pressure informa-
tion is widely used in snow avalanche risk assessment but it
is not widely applied for debris ﬂows risk calculations.
The damage data was analyzed from the RASDA doc-
uments (RAccolta Scheda DAnni – Damage Assessment
Form), which are mandatory to be drafted within 48h af-
ter a disaster for claiming recompensation funding. For the
Selvetta debris ﬂow, these documents were prepared by the
engineers of the General Directorate of Civil Protection of
the Lombardy Region and the local police, where they esti-
mated the losses in monetary values of each building. For
each building, the approximate reconstruction value was cal-
culated according to building type and size, using the data
given in the Housing Prices Index prepared by the Engineers
and Architects of Milan (DEI, 2006). All of the buildings
were single to three storey brick masonry and concrete struc-
tures. The calculated reconstruction values of the buildings
in the studied area ranged from C66000 to C455000; while
the recorded damage ranged from about C2000 to C290000
(Table 1).
Vulnerability is deﬁned by the fraction between the loss
and the individual reconstruction value, and was calculated
for each of the thirteen building structures that were affected
by the debris ﬂow event (Fig. 7). The obtained results were
consequently coupled with the modelling results (height of
accumulation, impact pressures). This allows developing
vulnerability curves that relate the building vulnerability val-
ues with the process intensity. The generated physical vul-
nerability curves can be used as an approach for the esti-
mation of the structural resistance of buildings affected by
a debris ﬂow event.
5.2 Vulnerability curve using heights of accumulation
Height of accumulation values were extracted for each af-
fected building. For every building the maximum and mini-
mumheightsofaccumulationvariedalot. Asaconsequence,
an average height near building walls oriented towards the
ﬂow direction was considered. Figure 8 shows the relation-
ship between the vulnerability and deposition height values.
Figure 8 indicates that the vulnerability increases with in-
creasingdepositionheight. Weproposetousealogisticfunc-
tion (Eq. 6). The calculated function has coefﬁcient of deter-
mination (r2) is 0.99, for intensities between 0 and 3.63m:
v =
1.49×|h/2.513||−1.938|
1+|h/2.513||−1.938| for h≤3.63m
v = 1 for h>3.63m
(6)
where, V is vulnerability and h is the modelled height of
accumulation. From its deﬁnition the vulnerability cannot
exceed 1, thus for intensities higher than 3.63m, the vulner-
ability is equal to 1.
5.3 Vulnerability curve using impact pressures
Impact pressure values were extracted in the same way as
accumulation heights considering the values near building
walls oriented towards the ﬂow direction. Maximum mod-
elled impact pressures were used to calculate the vulnerabil-
ity function (Fig. 9).
A logistic function (Eq. 7) which ﬁts the results has a high
coefﬁcient of determination (r2) reaching 0.98 for impact
pressures up to 37.49kPa:
v =
1.596×|P/28.16||−1.808|
1+|P/28.16||−1.808| for P ≤37.49kPa
v = 1 for P >37.49kPa
(7)
where, V is vulnerability and P is the modelled impact pres-
sure. As vulnerability cannot exceed 1, for intensities higher
than 37.49kPa, the vulnerability is equal to 1.
5.4 Vulnerability curve using kinematic viscosity
Using the same approach as described previously, a vulnera-
bility function where the momentum of the ﬂow is taken into
account is proposed. This function relates the maximum ve-
locity of the ﬂow and its height at the moment of impact with
a structure (Fig. 10).
A logistic function which ﬁts the results has a high co-
efﬁcient of determination (r2) reaching 0.98 for kinematic
viscosity up to 5.32m2 s−1 (Eq. 8):
v =
5.38×|kv/29.26||−0.867|
1+|kv/29.26||−0.867| for P ≤5.32m2 s−1
v = 1 for P >5.32m2 s−1 (8)
where, V is vulnerability and kv is the modelled kinematic
viscosity. As vulnerability cannot exceed 1, for intensities
higher than 5.32m2 s−1, the vulnerability is equal to 1.
6 Discussion and conclusions
Three physical vulnerability curves that relate the intensity
of debris ﬂows and the economic losses were derived from
the Selvetta debris ﬂow event. The event was reconstructed
in a geomorphologic, empirical, and numerical approach us-
ing a quadratic rheological model. Field geomorphologic in-
vestigations were directed towards evidences related to the
behaviour of the ﬂow and different sections of the ﬂow path
were identiﬁed regarding the activity and deposits of the ﬂow
duringitscourse. TheFLO-2Dmodelisappliedfortheback-
calculation and the results coincide in a good manner with
the real event. The most signiﬁcant results obtained by the
model are the maximum height, maximum velocities, and
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Table 1. Values used for the vulnerability functions assessment.
House price Model ﬂow Model Max Model impact
Building Building No. of Building index Building Reported height velocity pressure
No. type ﬂoors use (EURm−2) value damage Vulnerability “H” (m) “V” (ms−1) “P” (kPa)
1 brick masonry 3 generic use C881 C426900 C284251 0.666 2.29 1.37 22.03
2 brick masonry 2 generic use C881 C129720 C3000 0.023 0.68 0.29 1.66
3 brick masonry 3 generic use C881 C256190 C256190 1.000 3.54 1.48 35.86
4 brick masonry 2 generic use C881 C66240 C66240 1.000 3.70 1.46 38.06
5 brick masonry 2 generic use C881 C216200 C120100 0.556 2.00 1.25 23.89
6 brick masonry 2 generic use C881 C146760 C20000 0.136 0.47 0.40 8.53
7 brick masonry 2 generic use C881 C105720 C2000 0.019 0.15 0.26 0.03
8 brick masonry 2 generic use C881 C108100 C2100 0.019 0.15 0.26 0.03
9 brick masonry 2 generic use C881 C170760 C3000 0.018 0.40 0.29 0.04
10 brick masonry 2 generic use C881 C129720 C2000 0.015 0.18 0.29 0.01
12 brick masonry 2 generic use C881 C108100 C2400 0.022 0.28 0.25 3.26
13 brick masonry 3 generic use C881 C455360 C290167 0.637 2.10 1.33 20.21
30 brick masonry 2 generic use C881 C170760 C60000 0.351 1.26 0.94 13.61
  942 
943 
944 
945 
946 
947 
948 
Figure 7 
 
 
 
 
Figure 8 
  28
Fig. 7. Extent of the Selvetta debris ﬂow damage to buildings is shown. Destruction: V =1; heavy damage: V =0.5–1; medium dam-
age: V =0.1–0.5; light damage: V =0–0.1.
impact pressures reached by the ﬂow in each cell through-
out the entire simulation. These outputs were investigated in
terms of the resulting damage to the affected buildings. The
intensity parameters used for the generation of the vulnera-
bility curves are based on the height of accumulation, maxi-
mum velocity, and impact pressures. However, more data is
needed to increase the robustness of the curves.
The ﬂow height vulnerability function obtained in this
study suggests different vulnerabilities compared to those
obtained using the equations given by Fuchs et al. (2007) and
Akbas et al. (2009) (Fig. 11). Vulnerability 1.0 (total destruc-
tion) is reached at 3.63m, which is considerably higher than
2.5m of Akbas et al. (2009) and 3.0m of Fuchs et al. (2007).
However, the number of data points in both studies is lim-
ited; therefore, it is not possible to reach a robust conclusion
about whether the observed discrepancy is the result of the
difference in modelling, construction techniques, or a com-
bination of both. The difference may also be partly due to
the estimation of the average accumulation height.
The calculated impact pressure vulnerability function was
compared to two functions used in snow avalanche risk as-
sessment (Fig. 12). Similar behaviour of the function can be
noticed in comparison with the linear function of Barbolini
et al. (2004) which was developed from avalanche data for
West Tyrol, Austria. Wilhelm (1998) proposed two differ-
ent relationships for vulnerabilities higher than 0.5: the for-
mer(i)continuesitslineartrendandreachesvulnerability1.0
at 34 kPa; the latter (ii) indicates that structures are consid-
ered beyond repair in cases of impact pressures higher than
25kPa. These functions of Wilhelm (1998) were calculated
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Fig. 8. Proposed vulnerability function for accumulation heights
obtained from the modelling.
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Fig. 9. Proposed vulnerability function for modelled impact pres-
sures.
fromdataaboutreinforcedstructuresimpactedbyavalanches
in Switzerland. Compared to our equation, results using the
Wilhelm (1998) functions vary a lot in lower vulnerabili-
ties (up to 0.6). At vulnerability of 0.9 (33kPa), our func-
tion converges with the function of Wilhelm (a) and reaches
V =1.0 at 37.49kPa. This is also different from Barbolini et
al. (2004), who put vulnerability of 1.0 at impact pressure of
34kPa (similar as Wilhelm, 1998).
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Fig. 10. Proposed vulnerability function for accumulation heights
obtained from the modelling.
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Fig. 11. Comparison of the proposed vulnerability functions pro-
posed by Akbas et al. (2009), Fuchs et al. (2007) and the vulnera-
bility curve calculated from the Selvetta debris ﬂow event in 2008.
The use of numerical modelling for the simulation of the
dynamics of debris ﬂows in the generation of vulnerability
curves can present an advantage in terms that the intensity
outputs (e.g. ﬂow height and pressures) are straight forward
and can be spatially displayed. The results can be over-
laid with the elements at risk and detailed physical informa-
tion can be obtained in a speciﬁc area. The approach pre-
sentedherecanbeassumedasanapproximationofabuilding
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Fig. 12. Comparison of the proposed vulnerability functions pro-
posed by Barbollini et al. (2004), Wilhelm (1998), and the vulnera-
bility curve calculated from the Selvetta debris ﬂow event 2008.
resistance to endure a debris ﬂow, which is information that
is difﬁcult to obtain directly on the ﬁeld. Another important
advantage in the employment of run-out models is that the
intensity factors of the hazard can be analyzed in conjunc-
tion with the physical vulnerability of the elements at risk,
making it easier to quantify the suffered consequences. The
aim to present different types of vulnerability curves in this
analysis is to help the decision makers decide which type of
intensity description best ﬁts their needs and affected area. It
can be argued that impact pressure vulnerability function can
be used to measure the structure resistance itself, whereas
using a ﬂow height vulnerability function can also take into
account the contents inside the structure.
The presented vulnerability functions do not conﬂict with
the damage state probabilities functions that plot probabili-
ties of the different damage states of a structure (e.g. slight
damage, moderate damage, complete collapse). Whereas in
the damage stage functions the proposed stages ranges are
determined qualitatively in a subjective manner and the prob-
ability of complete collapse can be smaller than 1, in the
proposed vulnerability curves the degree of damage is deter-
mined directly by the intensity of the event and a complete
collapse takes a value of 1. For this reason, the values deter-
mined by the vulnerability functions can be used directly in
a quantitative risk assessment.
However, shortcomings in our analysis still exist and fur-
ther research needs to be done regarding them. One of the
major shortcomings is the insufﬁcient data points regarding
the affected elements at risk and the variation in values due to
the differences in building quality, state, and structural char-
acteristics. This should also be complimented by collecting
more data of damaged buildings affected by debris ﬂows, or-
ganizing them according to the type and use. This kind of de-
scription plays a very important role for the analysis, as in the
case where damage to buildings contents will be higher than
to the building structure itself (i.e. shops and warehouses).
Hence, a better estimation of the reported damage should be
assessed based on structural and non-structural damage. A
complete database with detailed information about building
type, building use, building characteristics, building quality
and state, and the amount of recorded damage (physical and
economic), should lead to a better estimation of debris ﬂow
vulnerability curves.
There is also a high degree of uncertainty regarding the use
of the model to simulate the different processes that played
a key role in the evolution of the Selvetta debris ﬂow event.
Assumptionsandempiricallawswereusedbasedontheneed
of inputs that FLO-2D model requires and the behaviour of
the process (e.g. addition of sediment in the discharge hydro-
graph to model the entrained material and peak discharge).
Uncertainty regarding each modelled process has to be quan-
tiﬁed in the future to reduce uncertainty. Although dynamic
debris ﬂow run-out models has been used with regularity in
the past to reconstruct past events by calibration of the input
parameters, there are still some limitations in the physical
description of the parameters deﬁning the applied rheology
(quadratic).
Nevertheless, the presented approach attempts to propose
a quantitative method to estimate the vulnerability of an ex-
posed element to a debris ﬂow that can be independent on the
temporal occurrence of the hazard event.
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